Renal function generally is assessed by measurement of GFR and urinary albumin excretion. Other intrinsic kidney functions, such as proximal tubular secretion, typically are not quantified. Tubular secretion of solutes is more efficient than glomerular filtration and a major mechanism for renal drug elimination, suggesting important clinical consequences of secretion dysfunction. Measuring tubular secretion as an independent marker of kidney function may provide insight into kidney disease etiology and improve prediction of adverse outcomes. We estimated secretion function by measuring secreted solute (hippurate, cinnamoylglycine, p-cresol sulfate, and indoxyl sulfate) clearance using liquid chromatography-tandem mass spectrometric assays of serum and timed urine samples in a prospective cohort study of 298 patients with kidney disease. We estimated GFR by mean clearance of creatinine and urea from the same samples and evaluated associations of renal secretion with participant characteristics, mortality, and CKD progression to dialysis. Tubular secretion rate modestly correlated with eGFR and associated with some participant characteristics, notably fractional excretion of electrolytes. Low clearance of hippurate or p-cresol sulfate associated with greater risk of death independent of eGFR (hazard ratio, 2.3; 95% confidence interval, 1.1 to 4.7; hazard ratio, 2.5; 95% confidence interval, 1.0 to 6.1, respectively). Hazards models also suggested an association between low cinnamoylglycine clearance and risk of dialysis, but statistical analyses did not exclude the null hypothesis. Therefore, estimates of proximal tubular secretion function correlate with glomerular filtration, but substantial variability in net secretion remains. The observed associations of net secretion with mortality and progression of CKD require confirmation.
Glomerular filtration and urinary protein excretion are the accepted measures of kidney function used to evaluate presence and severity of CKD. [1] [2] [3] [4] GFR helps inform optimal medication dosing and predicts risk of cardiovascular events, progression to ESRD, and death. [5] [6] [7] [8] [9] [10] [11] Urinary albumin excretion complements GFR for predicting cardiovascular disease and ESRD. 5, 6 In additional to filtration and reclamation of filtered albumin, kidney functions include secretion of organic solutes, synthesis of homeostatic hormones, and maintenance of electrolyte and acid-base status. Proximal tubule secretion represents an essential kidney function for rapidly clearing endogenous substances and administered medications from the circulation, including protein-bound molecules. Moreover, tubular secretion represents the primary renal mechanism responsible for the elimination of most administered drugs and their metabolites. 4, [12] [13] [14] [15] Despite the biologic importance of proximal tubule secretion, this function is infrequently measured because of uncertainty regarding specific endogenous compounds that are cleared by secretion, lack of validated laboratory assays for secreted metabolites, and the cumbersome nature of timed urine collections.
We developed liquid chromatography-tandem mass spectrometric (MS) assays to quantify blood and urine concentrations of four solutes that are primarily cleared by proximal tubule secretion: hippurate (HA), cinnamoylglycine (CMG), p-cresol sulfate (PCS), and indoxyl sulfate (IS). 4, 13, [15] [16] [17] [18] HA is a classic substrate of organic anion transporters 1 and 3 on the basolateral membrane of the proximal tubule. 15 CMG is a putative gut-derived metabolite that was shown to have substantially greater urinary clearance than creatinine in a recent discovery analysis. 4 PCS and IS are also gut bacteria-produced metabolites that have been investigated as candidate uremic toxins. 19 We used timed urine and spot serum samples to estimate renal tubular secretion on the basis of the clearance of these four solutes in 298 patients with CKD from a prospective cohort study. In parallel, we estimated glomerular filtration as the average clearance of creatinine and urea from the same timed urine and serum samples. Herein, we evaluate proximal tubule solute clearances relative to filtration and urinary albumin excretion, describe associations with patient characteristics, and estimate associations with mortality and progression to dialysis.
RESULTS
Study participants were generally middle aged (mean of 59.6 years of) and predominantly men (79%); 53% had diabetes ( Table 1 ). The median eGFR was 41.8 ml/min per 1.73 m 2 (interquartile range [IQR], 28.5-59.9 ml/min per 1.73 m 2 ), and the median urinary albumin excretion was 180.9 mg/d (IQR, 20.9-918.0 mg/d). The distributions of secreted solute clearances were quite different than those of filtration, with HA and CMG more variable and PCS and IS less variable (IQR, 60-208 ml/min for HA, 180-621 ml/min for CMG, 5-13 ml/min for PCS, and 12-35 ml/min for IS).
Substantial interindividual variation in clearance of HA and CMG was observed across the measured range of estimated glomerular filtration on the basis of the average of creatinine and urea clearance (Figure 1 ). PCS and IS showed markedly lower overall range but similar proportional variability with respect to the distribution of the average of creatinine and urea clearance, although there were clear outliers on the lower range of function. On the logarithmic scale, the cohort was stratified into three equalsized groups for each solute on the basis of estimated net proximal tubule solute clearances relative to glomerular filtration (Figure 1 ).
The clearances of proximal tubule solutes were modestly correlated with each other (HA-PCS and HA-IS, r=0.3; CMG-HA and CMG-PCS, r=0.4; IS-CMG and IS-PCS, r=0.6) and with the average of creatinine and urea clearance (Table 2) . Correlations with creatinine and urea clearance were modestly stronger after log transformation of solute clearances. Correlations of solute clearances with eGFR, as determined by the 2009 Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (creatinine only), were somewhat lower than those observed for the average of creatinine and urea clearance obtained from the same timed urine and serum samples, with PCS showing strongest correlation with both filtration measures (r=0.5-0.7). Correlations of tubule solute clearances with urine albumin excretion were low (r=,20.01-0.2).
The net clearances of proximal tubule solutes relative to filtration tended to be similar across patient characteristics, with some differences observed by sex and laboratory measurements (Table 3) . However, none of these distinctions excluded the possibility of chance after accounting for multiple testing. Men tended to have greater net tubule solute clearance, with 84% in the highest category of HA clearance being men compared with 70% in the lowest category. In continuous analyses, greater net HA clearance was associated with lower systolic BP, current smoking, lower hemoglobin A1C, and lower fractional excretion of uric acid after adjustment for eGFR, age, sex, race, and standardized daily creatinine excretion (data not shown). Greater net CMG clearance was associated with a lower fractional excretion of phosphate and potassium and lower hemoglobin A1C. Greater net PCS clearance was associated with lower fractional excretion of uric acid, calcium, and sodium and higher serum bicarbonate. Greater net IS clearance was associated with the same factors as PCS as well as black race, higher hemoglobin A1C, and lower albumin excretion rate (Supplemental Material). During a median of 3.0 years of follow-up (IQR, 1.8-4.0 years), there were 43 deaths (5.1 deaths per 100 person-years). The lowest tertile of estimated net HA clearance was associated with a greater risk of death after adjustment for age, sex, race, and filtration function (Table 4 ) (hazard ratio, 2.5; 95% confidence interval, 1.2 to 5.5 comparing the lowest tertile with the highest Figure 1 . Visualization of correlations between the ranges of secreted solute clearance and filtration function in a kidney patient population. Scatter plots of (A) HA, (B) CMG, (C) PCS, and (D) IS clearances over the average of urea and creatinine (Ur-Cr) clearance. Natural logarithmic scale is shown for visual examination of the range, variability, and interindividual differences between four measures of secretion (secreted solute clearance) and filtration (Ur-Cr clearance). Units are given as volume of blood completely cleared of the given solute per unit time (milliliters per minute). Red crosses at the (A) top or (C and D) bottom represent participants with extremely high or low secretion clearances who are displayed at an arbitrary maximal-range value for graphic examination purposes; these participants are included in all statistical analyses using the true data value. Population is separated into three tertile categories using regressions at 33rd and 67th percentiles of secretion over filtration: participants with high (green crosses; category 3), medium (gray circles; category 2), and low (blue triangles; category 1). 
Pearson (pairwise) correlation coefficient (r); analyses are on an arithmetic scale.
tertile); PCS was similarly associated (hazard ratio, 2.5; 95% confidence interval, 1.0 to 6.1). Categories of net clearances of CMG and IS were not significantly associated with mortality. During a similar follow-up period (median, 2.8 years; IQR, 1.6-3.8 years), 20 participants initiated chronic dialysis (2.5 events per 100 person-years). Lower estimated net CMG clearance was associated with a greater risk of dialysis initiation (hazard ratio, 3.3); however, the confidence interval (0.7 to 15.7) was wide and included the null. Clearances of HA, IS, and PCS were not associated with progression to ESRD in this cohort. Secondary analyses with adjustment for components of the Tangri model (age, sex, eGFR, macroalbuminuria, and serum calcium, phosphorus, bicarbonate, and albumin), diabetes, or albumin excretion (Supplemental Material) yielded substantively similar results.
DISCUSSION
In summary, we estimated proximal tubular solute clearance on the basis of the clearances of four solutes in a cohort of 298 patients with CKD. We found modest correlation of these secreted solute clearances with filtration estimated by the Proximal tubule secretion has long been recognized as an essential renal mechanism for the elimination of endogenous organic anions and drugs. 20 Unique properties that distinguish proximal tubule secretion from GFR include the ability to rapidly clear metabolites from the circulation, the capacity to excrete protein-bound solutes, and the central physiologic role in renal drug clearance. 4, 21 The capacity for rapid solute excretion is shown by substantially greater clearances of proximal tubule substrates compared with those of creatinine or other filtered substances.
The large observed interindividual variation in secreted solute clearances relative to creatinine and urea clearance suggests that glomerular filtration and proximal tubular secretion may decline at different rates among individuals with CKD. In this context, the measurement of proximal tubule solute clearance may add complementary information to GFR for evaluating CKD complications and long-term outcomes and optimizing medication dosing. Given the direct role of tubular secretion in the renal elimination of hundreds of common drugs, quantification of tubular secretion may be particularly important for determining medication dosing strategies in kidney disease and aging.
It is possible that different secretory solutes may represent distinct facets of tubular secretion. For example, despite being members of related metabolic pathways, 22 HA and CMG were not consistently associated with the same characteristics, risk factors, and outcomes, and they were not strongly correlated with each other. Although HA is a known substrate of organic anion transporters 1 and 3, specific mechanisms of CMG transport are unknown. 21, 23 Biologic variability in protein expression of different transporters-such as in diabetes 24 -may contribute to the observed intraindividual variability of different secretory solutes.
PCS and IS are gut-derived metabolites and excreted less among vegetarians than among carnivores, suggesting a dietary component to serum accumulation and variability. 19 Because these two solutes are less well cleared than HA and CMG 25 and because their excretion variability correlates strongly with filtration, they may not represent independent secretory solutes, despite having somewhat more a priori information regarding their primary transporters. 18, 26, 27 They may also be subject to a high degree of protein binding, reducing availability for proximal tubule transport and thereby, possibly leading to measurement error in solute clearance.
Previous studies have reported associations of higher serum concentrations of IS and PCS with mortality, cardiovascular disease, and progression of kidney disease 28 ; proposed mechanisms to explain this toxicity include effects on cardiac myocytes and endothelial cells. 29 Little is known about potential toxicity of CMG and HA, and to our knowledge, our study is the first to evaluate associations of the renal clearances of any secreted solutes with clinical outcomes. This study includes several important limitations. First, measurement error in determining solute concentrations in serum and urine may have falsely exaggerated the amount of variation in net proximal tubular solute clearances relative to filtration. Potential sources of measurement error include within-individual biologic fluctuations in serum concentrations, violating the steady-state assumption for clearance calculations; moderately high assay variation for urine measurements; and imprecision in urine collection times. Presumably, differences between misclassified and true clearances of these solutes are nonsystematic, potentially contributing to null associations. We attempted to address imprecision in urine collection times by comparing tubule solute clearances with creatinine and urea clearance from the same timed sample. Additional studies are needed to specifically confirm or refute the assumption of steady-state blood concentrations of these markers and other endogenous secretion markers within an individual over a typical timed urine collection period. Second, we did not perform gold standard measurements of filtration or secretion using exogenous markers, such as iodothalamate or para-amino-HA. Third, #30% of creatinine excretion may occur by secretion, creating some overlap with estimated net clearances of proximal tubule solutes. We used the average of creatinine and urea clearance to lessen the potential effect of creatinine secretion. Fourth, the small sample size and small number of mortality and incident dialysis events may have contributed to low study sensitivity (false null) in detecting associations between net secretion and patient characteristics and with risk of outcomes. Analytic replication in larger studies may correct such errors. Fifth, we estimated proximal tubule solute clearance using only four markers; addition of other secreted metabolites may improve the prediction of secretion function.
In summary, this study shows the first characterization of proximal tubular secretion as an independent marker of kidney function in a longitudinal cohort of patients with CKD. These data motivate additional investigation of tubular secretion as a measure of kidney function, with potential applications in distinguishing disease processes of CKD, improving prediction of CKD complications and outcomes, and refining renal drug dosing strategies.
CONCISE METHODS

Study Population
The Seattle Kidney Study (SKS) is a clinic-based, prospective cohort study of CKD. 30, 31 From 2004 to the present, the SKS has recruited 691 patients from nephrology clinics at the Veteran's Administration Puget Sound Health Care System, the Harborview Medical Center, and the University of Washington Medical Center (all in Seattle, WA). Patients were eligible for the SKS if they had any stage of CKD, were at least 18 years old, and were not receiving any form of RRT. General SKS exclusion criteria included dementia, residency in an institution, inability to provide informed consent, non-English speaking, or expecting to initiate dialysis within 6 months.
Serum and timed overnight urine samples (median of 12 hours; IQR, 11-14 hours) were collected at baseline and follow-up clinic visits among a subset of SKS participants. For inclusion into this ancillary study, we required study visits that had available timed urine overnight and corresponding next morning serum samples. We excluded urine samples deemed inadequate on the basis of (1) collection time ,8 or .36 hours, (2) urine volume ,250 ml or .10 L, or (3) a 24-hour standardized urine creatinine excretion ,8 mg/kg lean body mass (LBM) for women or ,10 mg/kg LBM for men. We also excluded participants who had nephrotic-range proteinuria (urine albumin-creatinine ratio .3000 mg/g) because of uncertainty regarding effects on urine secretion measurements. For participants with multiple eligible clinic visits, we selected the first available visit. Extreme outliers with unreasonable values for secretion were excluded from the primary analyses, although sensitivity analyses did include them (final n=298 for HA and CMG; final n=291 for PCS and IS). Serum and urine samples were collected between 2007 and 2010; aliquots were stored at 280°C until assay. Analytes were empirically determined as stable in both serum and urine samples stored at 220°C over 5 months of assay development.
Measurement of Exposures
HA, CMG, PCS, and IS were selected as candidate markers for secretion on the basis of a list constructed from several lines of published evidence, including substrate of known proximal tubule transporters, urinary clearance substantially greater than that of filtration markers (e.g., creatinine), and minimal elimination by other organ systems; final candidates were selected from this list on the basis of commercial availability of standards and reproducible protocols for the MS assays. Serum solute measurements were of total concentration: samples were extracted using formic acid/acetonitrile as part of the protein precipitation step of liquid chromatography-MS/MS assays, which removes all bound solutes from serum proteins. Residual protein remnants were removed by filtration and evaporation and then, discarded. The extracted serum was reconstituted in water for subsequent MS/MS quantification. Timed urine solutes were quantified using similar methods without the protein precipitation steps. Isotope dilution with stable isotope-labeled internal standards and external calibration materials maximized precision. Fragment ion ratios were monitored for specificity. Matrix effects were minimal at low concentrations of analytes for both urine and serum samples as determined by dilution and parallelism experiments. Over 8 months of assay performance, total interassay variability (coefficient of variation [CV]) was 5.6%-12.6% CV for CMG in serum, 7.1%-9.0% CV for HA in serum, and 20.3% CV for both in urine. Assay variability was validated as ,20% at 0.3 and 600 mg/ml in serum/plasma and 4.0 and 1,000 mg/ml in urine for CMG and HA, respectively.
To assess repeatability of tubule solute clearances within an individual, we obtained paired plasma and 24-hour urine samples from a dietary study of 25 healthy overweight volunteers (mean age of 39 years; mean body mass index of 30 kg/m 2 ; 60% women). Paired plasma and urine samples were obtained at baseline, 2 weeks, and 12 weeks. Mean within-individual CVs for the clearances of HA, CMG, PCS, and IS across these three study visits were 34.8%, 36.0%, 34.4%, and 25.5%.
Creatinine and urea were measured from the same paired set of serum and urine samples used for proximal tubule solute measurements using the Jaffe method (creatinine) and enzymatic conductivity on the Beckman Coulter DXC Automated Platform (urea; Beckman Coulter, Inc., Brea CA).
Measurement of Outcomes
The SKS coordinators identified the initiation of chronic dialysis and deaths by annual examinations, surveillance telephone and scheduling calls, and use of the national Social Security death index.
Measurement of Other Study Data
We estimated GFR using the serum creatinine-based 2009 CKD-EPI equation. 32 We measured urine albumin concentration using immunoturbidimetry and multiplied this value by urine collection volume over 24 hours to estimate daily urine albumin excretion. The SKS participants self-reported their age, sex, race (categorized in this study as white, black, or other), current smoking status, current alcohol use, and prevalent medication conditions through annual questionnaires. Coordinators determined medication use by the inventory method. We defined prevalent diabetes by participant self-report of diabetes, use of any diabetes medication, hemoglobin A1C value $6.5%, a fasting blood glucose $126 mg/dl, or a nonfasting blood glucose $200 mg/dl. Coordinators measured BP using an automated sphygmometer. LBM was estimated using the Hume formula.
Statistical Analyses
We calculated the clearances of HA, CMG, PCS, IS, creatinine, and urea as the volume of blood fully cleared per minute:
where U x is the urinary concentration of solute X, P x is the total serum concentration of solute X, and V is the urine volume over the collection period. 33 We averaged the clearance of creatinine and urea to estimate filtration as previously described. 34 Individual distributions of HA, CMG, PCS, IS, creatinine, and urea clearance were tabulated using summary statistics. Joint distributions of these clearances were estimated using scatter plots and Pearson correlation coefficients. To categorize estimated secretion function, HA, CMG, PCS, and IS clearances were regressed over creatinine and urea clearance using quantile regression at the 33rd and 67th percentiles. This approach stratified the cohort into tertiles of low, medium, and high secretion function relative to filtration (net secretion). Participant characteristics were examined according to net secretion categories and tested for linear trend. Secondary linear regressions (Supplemental Material) included adjustment for age, sex, race, eGFR, and LBM-standardized daily creatinine excretion.
We used Cox proportional hazards regressions with robust SEM estimation to estimate the associations of net secretion categories with the time to mortality and dialysis events. Censoring events included loss to follow-up, death, or end of study period (January 1, 2012). Sensitivity analyses evaluated initiation of dialysis with death included as a competing risk using the method by Fine and Gray. 35 Primary adjustments included age, sex, race, creatinine and urea clearance, and albumin excretion rate; secondary analyses adjusted for components of the Tangri risk model of progression to ESRD, including age, sex, eGFR, macroalbuminuria, and serum calcium, phosphorus, bicarbonate, and albumin. 36 The proportional hazards assumption for Cox models was evaluated by visual inspection of log-log plots.
All analyses were performed using Stata (version 13; StataCorp., College Station, TX).
